INTRODUCTION
Adenosine 5ʹ-triphosphate phosphoribosyltransferase (ATPPRT) (EC 2.4.2.17) is a type-IV phosphoribosyltransferase (PRTase) in the PRTase superfamily.
1-2 ATPPRT is responsible for the first and flux-controlling step in histidine biosynthesis, the nucleophilic attack of adenosine 5ʹ-triphosphate (ATP) N1 on 5-phospho--D-ribosyl-1-pyrophosphate (PRPP) C1 to generate N 1 -(5-phospho--D-ribosyl)-ATP (PRATP) and inorganic pyrophosphate (PPi) 3 (Scheme 1). The reaction is Mg 2+ -dependent and reversible, with the equilibrium strongly favouring reactants. 4 ATPPRT is subjected to tight regulatory control in response to the metabolic status of the cell, being inhibited allosterically by histidine 3, 5 and orthosterically by AMP and ADP. 6 This enzyme is of interest as a potential drug target in some pathogenic bacteria, 1, 7-9 whilst in plants it is implicated in Ni 2+ -tolerance, [10] [11] and it is a model system for the study of allosteric modulation of catalysis. 7, [12] [13] [14] Scheme 1. ATPPRT-catalysed nucleophilic substitution reaction.
The hisG gene encodes two forms of ATPPRT, a long-form of the protein (HisGL)
found in plants, fungi, and most bacteria, 13, 15 and a short-form (HisGS) present in archaea and some bacteria. [16] [17] HisGL is a homo-hexamer with each subunit consisting of two N-terminal domains containing the active site and a C-terminal allosteric domain responsible for histidine inhibition. 1 HisGS consists of two catalytic domains structurally similar to HisGL's, but lacks the C-terminal histidine-binding domain. [16] [17] HisGS is found in complex with HisZ, a 4 catalytically inactive regulatory protein, the product of the hisZ gene, a paralog of histidyltRNA synthetase, forming the ATPPRT holoenzyme, a hetero-octamer where a HisZ tetramer is flanked by two HisGS dimers. [17] [18] [19] HisZ has a dual function: it allosterically enhances catalysis by HisGS, and it binds histidine and therefore mediates allosteric inhibition. 17, 20 Synthetic biology efforts have attempted to harness the histidine biosynthetic pathway for industrial production of histidine in bacteria, [21] [22] [23] as engineering of amino acid biosynthesis in microbes is a valuable tool for biocatalytic industrial production of these compounds. [24] [25] An important challenge in exploitation is overcoming the strong inhibition of the pathway as histidine accumulates, with different strategies being employed towards that goal. [22] [23] The recent discovery that HisGS is catalytically active in the absence of HisZ, while being insensitive to histidine, 15, 18 opens the possibility of utilising this enzyme as a starting point for biotechnological production of histidine. However, significant activity is lost in the absence of HisZ. 15, 18 Elucidating the catalytic mechanism of HisGS could aid in rational engineering of a fully active HisGS for histidine production.
In the present work, we report ten crystal structures of the psychrophilic bacterium
Psychrobacter arcticus HisGS (PaHisGS) and ATPPRT holoenzyme (PaATPPRT) bound to substrates, product and inhibitor. Two of the structures contain both PRPP and ATP in the active site, providing a rare glimpse of the pre-catalytic ternary complex. Analysis of the structures, along with site-directed mutagenesis, uncovers the basis for allosteric activation and allows a catalytic mechanism to be proposed. 31 . The electron density in the omit map showed the presence of ligands in each of PaHisGS active sites though the occupancy was not always 100%. In the apo-structure, some electron density was observed in the active site and modelled as tartrate, present in the soaking solution.
MATERIALS AND METHODS

Materials
Additional electron density was observed in PaATPPRT complexes with PRPP-ATP and with PRATP, and was modelled as Tris, the buffer in which the proteins were solubilised. ATP and ADP library files were generated with AceDRG. 32 The coordinate and library files for PRATP were generated using PRODRG 33 . Refinement statistics are shown in Tables S1 and S2 for PaHisGS and PaATPPRT structures, respectively. All coordinates and structure factor files along with other reaction components as previously described, 18 in a Shimadzu UV-2600 spectrophotometer. Measurements were carried out in duplicate.
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PRATP production. HPLC purification of PRATP is shown in Figure S1A . ESI-MS analysis showed the expected mass of 718.0 (Figure S1A inset), and the 31 P-NMR spectrum ( Figure S1B ) displayed chemical shifts identical to those previously assigned. 18 Crystal structures of apo, PRPP-, PRPP-ATP-, and PRATP-bound PaHisGS. To gain insight into catalysis, PaHisGS crystal structures were solved in apo form and in complex with substrates and product. PaHisGS crystallised in I2 space group, and refinement statistics are summarised in Table S1 . There is one monomer in the asymmetric unit, with a homodimer formed by crystallographic symmetry. Subunits in the homodimer interact in a head-to-tail arrangement ( Figure S2A and B) almost identical to the arrangement found in the PaATPPRT structure. 18 SEC-MALS analysis was used to establish the quaternary structure of PaHisGS in solution ( Figure S3 ), resulting in a calculated molecular mass of ca. 48000, consistent with a homodimer (the monomer mass is 25215). This is the same oligomeric state reported for
Lactococcus lactis HisGS. 15 Experimental density maps for all ligands are shown in Figure   S2C . Overlaying C atoms among the four structures resulted in root-mean-square deviations Table S3 compiles key information on all structures of ATPPRT published to date, including the ones from this work. In the PaHisGS-PRPP structure, the substrate is anchored to the active site via several polar contacts among the 5-PO4 2-group and main-chain and side-chain atoms in the PRPP-binding loop (residues 179 to 183), and a hydrogen bond (H-bond) between the 2-OH group and Asp176 side chain ( Figure 2D ). This H-bond prevents PRPP from obstructing the ATP-binding site, indicating a catalytically viable binary complex, similar to that seen in the L. lactis ATPPRT-PRPP structure, 19 but contrary to the complex between PRPP and the Campylobacter jejuni ATPPRT structure. 36 The PPi moiety of PRPP appears to be more flexible (B-factors between 68 and 83) than the 5-phosphoribosyl moiety (B-factors between 23 and 45). The increased flexibility is consistent with the lack of specific contacts with the protein. Its only interaction is with a water molecule that also interacts with the 5-phosphoribosyl ( Figure 2D ). In the L. lactis ATPPRT-PRPP, a serine residue side chain donates an H-bond to the -PO4 2-of the PPi moiety of PRPP. 19 Mutations in conserved residues (T159A and T162A) in the PRPP-binding loop in L. lactis ATPPRT had detrimental effect on PRPP binding, but little influence on the catalytic rate. 35 Despite numerous attempts involving both soaking and co-crystallisation, the PaHisGS-ATP binary complex structure could not be obtained. On the other hand, the structure of the Michaelis complex with both PRPP and ATP bound to PaHisGS was readily attained ( Figure   2B ), the first structure of an ATPPRT with both substrates in the active site. PRPP sits in a similar orientation in the ternary complex as it does in the binary ( Figure 2D and E). Upon ATP binding, Arg32 side chain rotates ca. 180° around its C-C axis, breaking its H-bond with Asp179, to position its guanidinium group parallel to the adenine ring ( Figure 2E ). An Arg32- tuberculosis ATPPRT complexes with ATP, 8, 13 and Lys137 forms a salt bridge with the -
. ATP binding is further stabilised by a salt bridge between its -PO4 2-and Arg73 from the adjacent subunit ( Figure 2E ). The importance of this interaction may be negligible, though.
The equivalent position in L. lactis ATPPRT is Lys50 which likely participates in a similar salt-bridge, but the K50A mutant has only moderate effect on ATP binding and catalysis. Given this scarcity of contacts with the enzyme, one might speculate that a second Mg 2+ ion be necessary to stabilise the PPi leaving group at the transition state, since PPi's departure as leaving group often involves a Mg 2+ complex in enzymatic reactions, 37 but its interaction with PRPP in the Michaelis complex might not be stable enough to be captured in the crystal structure. Absence of a putative second Mg 2+ ion notwithstanding, catalysis would be prevented here owing to the orientation of the adenine, which places the nucleophile N1 away from PRPP C1. This orientation is held in place by a water-mediated interaction among Asp179, ATP 6-NH2 and PRPP 5-PO4 2-( Figure 2E ). This anticatalytic ATP rotamer found in the structure is a possible reason a complex with both substrates could be trapped in the first place, since the catalytically active wild-type enzyme was used for crystallisation. Another 12 likely contributing reason is the reaction equilibrium, which strongly favours the reactants. 4 For the nucleophilic attack of ATP N1 on PRPP C1 to occur, the adenine must rotate ca. 180°
around the N9-C1ʹ axis. In solution, thermal motion-driven conformational flexibility of the Michaelis complex would permit the stochastic sampling of reactive adenine orientations, but such flexibility is likely to be restrained in PaHisGS crystals. This hypothesis is further supported by the C. jejuni ATPPRT-ATP structure, where electron density for both rotamers was reported. 13 The structure of PaHisGS-PRATP binary complex shows electron density for the entire product ( Figure 2C ), as in the recent C. jejuni ATPPRT structure. 36 Most interactions between enzyme and ligands found in the PaHisGS-PRPP and PaHisGS-PRPP-ATP structures are retained in the PaHisGS-PRATP complex, and the Mg 2+ ion is coordinated to the -, -, and - Figure 2F ). This interaction might have mechanistic consequences, as it would further polarise the O4ʹʹ-C1ʹʹ (product numbering) bond, increasing C1ʹʹ electrophilicity, making it more prone to nucleophilic attack in an ANDN mechanism. [38] [39] However, in a DN*AN ‡ mechanism, 38 as proposed for other ATPPRT's based on kinetic isotope effects, 8 groups of both ligands ( Figure 5B ). An exception is the salt bridge with Arg73 of the adjacent subunit. This residue is found in the same position as in the ATP-PRPP complex, but it is too far away to reach the -PO4 2-of ADP. Overlay of the ligands in these two structures shows hardly any difference in binding ( Figure 5C ). This suggests that ADP is not an inhibitor of
PaHisGS, but may be an alternative substrate. 
Crystal structures of PRPP-, PRPP-ATP-, PRATP-, and PRPP-ADP-bound
PaATPPRT. It is well known that HisGS catalysis is activated by HisZ, 15, 18, 20 but the mechanism of activation is still elusive. We have recently published the structure of
PaATPPRT apoenzyme, 18 and to uncover structural features that could account for activation and to glean further information on catalysis, PaATPPRT structures were solved in complex with PRPP, PRPP-ATP, PRATP and PRPP-ADP, and refinement statistics are summarised in Table S2 . PaATPPRT-PRPP crystallised in the P21 space group with one full hetero-octamer in the asymmetric unit ( Figure 6A ), as found for apo PaATPPRT. 18 The remaining structures were solved in the C2 space group and had a PaHisGS dimer and a PaHisZ dimer in the 16 asymmetric unit ( Figure 6B ), with the hetero-octamer formed by crystallographic symmetry.
Experimental and refined electron density maps for all ligands are shown in Figure S5 . The position of the Mg 2+ ion in the PRATP structure could not be unambiguously assigned. 
PaATPPRT active site. Most interactions between protein and ligands present in the
PaHisGS structures are retained in the corresponding PaATPPRT, with some additional ones ( Figure 7 ). In the PRPP-and PRPP-ATP-bound structures, Glu163 accepts an H-bond from the 3-OH group, which may help position PRPP for catalysis ( Figure 7A and B) . The adjacent PaHisGS subunit contributes two residues to the active site, Arg56 and Arg73. The side chain of Arg73 anchors the -PO4 2-in the ternary complex, as seen in the PaHisGS structure, and its position changes little from the substrate and product binary complexes. The equivalent residue is conserved in T. maritima ATPPRT, 17 and is replaced by a lysine in the L. lactis enzyme. 20 Most revealing in all three structures is the position of Arg56. This residue is in the middle of a flexible loop extending residues Ala44-Val67, and its guanidium group lies ca. 12 Å away from the PRPP -PO4 2-in the binary complex. Upon ATP binding, Arg56 side chain moves towards the active site to form a salt bridge with the PPi moiety of PRPP ( Figure 7B ). This interaction is responsible for leaving group stabilisation during the transition state, possibly aided by a putative second Mg 2+ ion as PPi likely departs the enzyme as a Mg 2+ complex. In the PRATP complex ( Figure 7C ), Arg56 is more than 6 Å away from its position in the ternary complex. Amino acid multiple sequence alignment of HisGS's reveals the high degree of conservation of this residue ( Figure S4 ), lending support to its role in catalysis. Catalytic mechanism. The extensive structural work carried out here represents the most complete set of structures for an ATPPRT, allowing a catalytic mechanism to be proposed for the PaATPPRT-catalysed reaction (Scheme 2). Nucleophilic attack likely occurs from a resonance state of adenine in which N1 is negatively charged due to electron transfer from N6, an idea supported by density-functional theory calculations that indicate this natural resonance state represents 6.64% of the distribution of adenine resonance structures. 44 This resonance structure might be further stabilised by the proximity of N1 to the positively charged guanidinium group of Arg32. None of the crystal structures reported here showed a strong base near 6-NH2 group, which suggests that deprotonation may occur only after N1-C1 bond formation and leaving group departure. The PRATP 6-NH2 + group has a pKa of 8.5, 45 several log units lower than that of the 6-NH2 group of ATP. 46 The PPi leaving group is stabilised at the transition state by H-bonds with Arg56, and probably departs the enzyme in a complex with a second Mg 2+ ion.
A different kinetic mechanism may also be inferred from the set of structures presented
here. HisGL ATPPRT's follow an ordered mechanism in which ATP is the first substrate to bind to, and PRATP the last product to dissociate from, the enzyme, 47 Allosteric control of enzyme activity is a ubiquitous feature of metabolic and signalling pathways, and harnessing this control generates opportunities in drug design and biotechnology. 7, 12, 50 In large multiprotein complexes of key biosynthetic enzymes, elucidation of allosteric activation mechanisms can inform engineering of small subunits that capture full biosynthetic potential while reducing the protein synthesis burden of host cells. 51 Short-form ATPPRT's can be used in the industrial production of histidine as the catalytic activity of HisGS subunit is not subjected to inhibition by histidine. However, activity in the absence of HisZ is reduced. 15, 18 The work reported here provides a detailed structural picture of the interactions of activated and nonactivated PaHisGS with substrates and products. These structures can serve as a framework for rational engineering of PaHisGS towards increasing its catalytic activity. 
